This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Full terms of use are available: Abstract One of the most interesting features of Arc-dependent synaptic plasticity is how multiple types of synaptic activity can converge to alter Arc transcription and then diverge to induce different plasticity outcomes, ranging from AMPA receptor internalisation that promotes longterm depression (LTD), to actin stabilisation that promotes long-term potentiation (LTP). This diversity suggests that there must be numerous levels of control to ensure the temporal profile, abundance, localisation and function of Arc are appropriately regulated to effect learning and memory in the correct contexts. The activity-dependent transcription and posttranslational modification of Arc are crucial regulators of synaptic plasticity, fine-tuning the function of this key protein depending on the specific situation. The extensive cross-talk between signalling pathways and the numerous routes of Arc regulation provide a complex interplay of processes in which Arc-mediated plasticity can be broadly induced, but specifically tailored to synaptic activity. Here we provide an overview what is currently known about these processes and potential future directions.
Introduction
AMPA receptors (AMPARs) mediate the overwhelming majority of fast excitatory neurotransmission in the brain, and changes in the number and properties of synaptic AMPARs underlie persistent activity-dependent up (LTP) or down (LTD)-regulation in synaptic strength. This synaptic plasticity is the molecular basis for learning and memory, and its dysfunction is implicated in impaired performance in aging as well as neurological and neurodegenerative disorders, ranging from addiction and depression to Alzheimer's and Parkinson's diseases [1] . Thus, understanding how AMPARs are regulated is a core question at the forefront of neuroscience. A central feature of synaptic plasticity is that it requires activity-dependent changes in the transcription, translation and post-translational modification of synaptic effectors and signalling molecules to ensure that neurotransmission is coupled to the activity state of the neuron or synapse [2] .
The immediate early gene product activity-regulated cytoskeletal-associated protein (Arc/Arg3.1) is involved in numerous forms of plasticity and the molecular mechanisms underlying the regulation of its expression and function by activity are the subject of intense study [3] . In this review we focus on aspects of Arc regulation at the transcriptional and posttranslational level in synaptic plasticity, as well as the outstanding questions in the field.
Activity-dependent transcription of the IEG Arc
The term 'immediate early gene' (IEG) is used to describe any gene that is expressed at low levels under resting conditions, but whose transcription is rapidly and transiently induced (within minutes) by extracellular stimulation, independent of new protein synthesis [4] . The first known IEG, c-fos, was initially identified as a gene induced in non-neuronal cells by growth factor stimulation [5] , and was later discovered to also be rapidly transcribed in numerous brain regions following seizure-inducing activity in mice [6] , as well as in response to membrane depolarisation in the neuron-like cell line PC12 [7] . Since the discovery of cfos, several hundred more neuronal activity-dependent genes have been identified [8, 9] suggesting de novo transcription represents a core mechanism for initiating apposite, synchronised plasticity programs in response to neuronal stimulation.
Arc is an archetypal IEG and has received much attention due its tight regulation by experienceindeed, its expression is commonly used as a reliable marker of neuronal activity [10, 11] . Most interestingly, Arc is required for multiple forms of learning and memory [12] , and has surprisingly been implicated in the regulation of seemingly opposing forms of synaptic plasticity. For example, Arc promotes AMPAR internalisation during homeostatic plasticity [13] and long-term depression (LTD) [14, 15] as well as stabilising F-actin in spines and maintaining late-phase long-term potentiation (LTP) [16, 17] .
Arc was initially identified from its significantly enhanced mRNA expression in the hippocampus and cortex following seizure-inducing activity in vivo [18] . This was shown to be due to de novo activity-dependent transcription since the induction was prevented in the presence of the transcriptional inhibitor cycloheximide [19] . Key features of Arc transcription are its rapid induction within 30 minutes of electrically-induced seizures and its reversibility, returning to basal levels within 4 to 8 hours post-stimulation, depending on the brain region.
These dynamic changes in Arc transcription, coupled with its low basal expression and short half-life, allow correspondingly rapid changes in Arc protein availability to regulate synaptic plasticity. Physiological levels of in vivo synaptic stimulation that are capable of inducing LTP result in a transient increase in Arc mRNA expression, which is prevented by blockade of NMDA receptors (NMDARs), suggesting excitatory synaptic neurotransmission activates Arc transcription [18] .
Other forms of synaptic stimulation have also been shown to upregulate Arc transcription [20] and behavioural studies have revealed that Arc expression is increased by a number of tasks involving learning and memory formation. These include auditory imprinting in chicks [21] , novel object recognition tasks in rodents [22] , spatial memory recall [23] and fear conditioning paradigms [24] . It has been established that these increased levels of Arc mRNA are required for the synaptic plasticity underlying the subsequent learning and memory, as Arc knockout mice are deficient in spatial learning, aversive conditioning and long-term object recognition [16] . Interestingly, only late-phase LTP is impaired and initial phases of LTP are actually enhanced in Arc knockout mice. Consistent with this, their shortterm memory is unaffected suggesting Arc is specifically required for the formation of longterm memories.
On a molecular level, in addition to NMDAR activation, Arc transcription is induced by depolarisation of the membrane potential, a common result of synaptic activity [25] , and by bone-derived neurotrophic factor (BDNF) released following LTP-inducing high-frequency stimulation (HFS) [26] . Another well characterised pathway leading to Arc expression is activation of the Group I metabotropic glutamate receptors (mGluRs) [27] to induce LTD.
Together these data indicate that transcription of Arc can contribute to bidirectional changes in synapse strength leading to LTP or LTD. Moreover, chronic increases in synaptic firing as a consequence of blocking inhibitory inputs with the GABAAR antagonist bicuculline causes an increase in Arc transcription [28] which is necessary for homeostatic receptor downscaling [13] .
Like many IEGs, Arc gene expression is also stimulated by growth factors, which is likely to regulate its role in neuronal development. Both nerve growth factor (NGF) and epidermal growth factor (EGF) induce a rapid and transient increase in Arc mRNA within one hour of treatment of the neuron-like cell line PC12 through de novo transcription as it is blocked by the transcriptional inhibitor cycloheximide [18] . Similarly, platelet-derived growth factor (PDGF) stimulation of hippocampal neurons in culture or in vivo drives Arc transcription and subsequent LTP [29] .
Overall, these studies demonstrate that a wide range of physiological synaptic activity can promote Arc transcription to ultimately drive plasticity. However, while these all result in increased levels of Arc mRNA, the downstream pathways driving this differ widely. This diversity of output allows subtle context-specific plasticity responses, but the mechanisms by which this is achieved remain unclear.
Synapse to nucleus signalling mediates activity-dependent Arc transcription
Activity-dependent transcription requires synapse to nucleus signalling ( Figure 1 ), so that a specific pattern of synaptic activity can be conveyed to the nucleus to regulate transcription.
For this to occur, the neuron must have 1) signalling pathways induced by activity; 2)
genomic elements that regulate transcription in response to this signalling and 3) activityregulated transcription factors to link the two.
Signalling pathways regulating Arc transcription
Intracellular Ca 2+ : Synaptic stimulation activates a number of well-characterised signalling pathways within the cell that converge to drive Arc transcription. A ubiquitous feature of neuronal activity is that it can induce a localised rise in intracellular calcium ions, either through influx from the extracellular space or release from intracellular stores, coupling extracellular synaptic stimulation to an intracellular effect [30] . Ca 2+ is biologically suited to acting as a second messenger, since its resting intracellular concentration is low to efficiently allow a large but transient dynamic change following stimulation, and it is capable of binding to and modulating (with or without calmodulin) a wide variety of proteins [31] . The rise in intracellular calcium is essential for IEG expression, as sequestering it prevents IEG transcription [32] , consistent with it acting as a prominent intracellular signalling mechanism that integrates neuronal activity with gene expression. Accordingly, the induction of Arc expression following membrane depolarisation, which results in calcium influx through voltage-sensitive calcium channels (VSCCs), is blocked by the VSCC inhibitor nifedipine, suggesting calcium entry from the extracellular space is required for Arc transcription by this form of activity [33] . In contrast, chelating intracellular, but not extracellular, calcium prevents the increase in Arc mRNA in response to BDNF or PDGF [29, 34] . These results suggest that while both depolarisation and BDNF/PDGF induce a rise in intracellular calcium leading to enhanced Arc mRNA levels, they do so by different signalling pathways.
cAMP: Cyclic adenosine monophosphate (cAMP) is another second messenger that has been implicated in activity-dependent Arc transcription and subsequent hippocampal memory formation [35] . Application of forskolin, which raises intracellular cAMP levels by activating adenylyl cyclase, drives a robust and rapid increase in Arc mRNA levels [33] .
Importantly, however, calcium signalling can regulate cAMP levels by modulating the upstream pathways that synthesise it [36] , suggesting cross-talk between the two signalling systems.
Kinase activation: Downstream of synaptic activity and the subsequent increase in second messengers, several kinase signalling cascades have been implicated in upregulation of Arc transcription, though their relative contributions following different forms of stimulation remains controversial. Inhibition of the cAMP-dependent kinase protein kinase A (PKA) in PC12 cells blocks Arc induction in response to forskolin and membrane depolarisation, suggesting PKA activation is required for cAMP-stimulated Arc expression under these conditions [33] . There is also considerable evidence that numerous Arc-inducing stimuli,
including Group I mGluR activation [27] , HFS-LTP, novel object recognition [37] , PDGF stimulation [29] and kainic acid-induced seizures [38] activate mitogen-activated protein kinase (MAPK) pathways via phosphorylation of extracellular regulated kinase (ERK).
Pharmacological blockade of ERK phosphorylation in vivo attenuates Arc transcription in response to HFS, suggesting ERK activation is essential for this form of Arc induction.
Importantly, phosphorylated ERK is detected in the nucleus within minutes of HFS stimulation, where it is poised to influence Arc transcription [37] . While calcium and cAMP can activate MAPK pathways in these contexts [27, 29] , it is debatable to what extent these second messengers are required for Arc-inducing ERK activation, with one study implicating calcium-independent calmodulin instead [34] . In summary, it seems likely that the extensive interplay between the various second messengers and activity-dependent signalling pathways may mean that the exact signalling mechanisms underlying activity-dependent Arc transcription, while comprising of many of the same components, could be highly dependent on the mode of stimulation and cell type in question. Arc transcription [39] . By expressing a reporter gene under the control of these identified elements, the ability of the loci to induce transcription following BDNF or forskolin treatment (upregulating endogenous Arc expression) has been analysed. Two key regions necessary for activity-dependent transcription have been identified, one contains a conserved serum response element (SRE) common in many IEG promoters [40] that binds the transcription factor SRF (serum response factor). The SRE enhances transcription in response to synaptic activity, in a NMDAR, ERK and PKA-dependent manner and its sensitivity to these signals was abolished by targeted mutagenesis [39] . The second enhancer element is sensitive to synaptic activity via ERK signalling and contains binding sites for Zeste-like transcription factors, which are also necessary to drive activity-dependent transcription [39] .
Genomic loci regulating
Luciferase reporter constructs under the control of various conserved genomic regions upstream of the Arc gene have also been used to investigate the DNA regulatory elements responsible for the activity-dependent induction of Arc transcription in response to bicuculline [41] . This study identified a potent 'synaptic activity responsive element' (SARE) within the 
Activity-dependent transcription factors regulating Arc transcription
MEF2: There is extensive experimental evidence that the SARE-binding protein MEF2 is a key activity-dependent transcription factor directly promoting Arc transcription in response to synaptic stimulation [25] . All four vertebrate MEF2 isoforms (A-D) are expressed in the mammalian brain, exhibiting distinct but overlapping expression patterns in different brain regions, where they control transcription of a suite of targets to regulate both generic and neuron-specific cellular functions [44] . MEF2 activation of transcription is regulated by signalling pathways downstream of neuronal activity, especially calcium-dependent kinases and phosphatases [45, 46] making it a plausible mechanism for the integration of synaptic activity with transcription of target mRNAs.
This assertion is supported by the finding that increases in Arc mRNA elicited by membrane depolarisation is blocked by knockdown of endogenous MEF2A/D [25, 47] , consistent with a requirement for MEF2 in the induction of Arc transcription in response to neuronal activation.
Moreover, knockdown of MEF2A/D in vivo enhances memory formation, allowing it to occur following training too weak to normally create memories in wild type mice [48] , suggesting MEF2A/D act as negative regulators of memory. This is thought to be due, in part, to MEF2dependent regulation of synaptic plasticity via activity-dependent AMPAR trafficking since the defect in memory formation associated with in vivo MEF2 overexpression can be rescued by injecting a peptide to block AMPAR endocytosis. Although the core molecular mechanisms have not yet been identified these data suggest that MEF2 overexpression inhibits memory as a result of excessive AMPAR internalisation [48] . It should be noted, however, that this study also observed an increase in Arc mRNA expression in hippocampal cultures overexpressing MEF2 so it remains a possibility that MEF2 activity may prevent memory formation by increasing Arc transcription.
CREB:
The cAMP-responsive transcription factor CREB also binds the SARE in the Arc promoter and is necessary for long-term memory formation [49] . However, in contrast to MEF2, it is unclear how and if CREB itself is required for the induction of Arc underlying synaptic plasticity processes. Knockdown of CREB in cultured hippocampal neurons reduces Arc mRNA levels [50] , suggesting it may be required for Arc transcription. However, a caveat to this is that while neurons overexpressing CREB in vivo are more likely that wild type cells to express Arc mRNA following a memory task, overexpression of constitutively active CREB in the absence of training does not elicit Arc induction, suggesting CREB does not directly drive Arc transcription [51] . Therefore, it is likely that a complex interplay between activity-regulated factors and the cellular context may play a role in governing Arc expression.
Egr: Early growth response (Egr) transcription factors are another example of direct regulators of Arc transcription driving late-phase LTP and memory formation.
Overexpression of Egr1 or Egr3 is sufficient to induce Arc mRNA expression in primary neuronal culture, while the protein synthesis-dependent phase of Arc induction after seizureinduced synaptic activation is blocked in Egr3 knockout mice [52] . As IEGs themselves, Egr1 and Egr3 expression is induced by seizures or exposure to novelty in vivo [52] and PDGF treatment [29] . This may therefore underlie the specific, delayed temporal pattern of new Arc mRNA expression seen following this stimuli, which explains why only late-phase LTP is affected.
In summary, there appears to be a complex and highly interconnected array of signalling pathways that regulate activity-dependent Arc transcription. Delineating how these different pathways integrate to induce context-specific changes in Arc mRNA levels is a formidable future challenge.
Regulation of Arc function by post-translational modification
As outlined above, although many of the details remain to be defined, it is well established that Arc transcription and translation can modulate the availability of Arc in response to synaptic activity. Beyond this, further complexity and flexibility in Arc responses arise from post-translational modification of the Arc protein that can control its activity and stability [12] ( Figure 2) . The rapid and reversible nature of post-translational modifications places them in an ideal position to quickly respond to synaptic signals and effect the short-term changes required for the induction of synaptic plasticity. Since so many forms of synaptic signalling induce Arc transcription, often resulting in opposite directional changes in synaptic strength, post-translational modification of Arc may represent a mechanism by which Arc function may be fine-tuned to elicit an appropriate response to a certain stimulus.
SUMOylation
Arc is subject to post-translational modification by the 11 kDa protein SUMO1 (small ubiquitin-like modifier 1) [12, 53] . SUMOylation is the covalent addition of a member of the SUMO family of proteins to lysine residues within target proteins and is a critical modulator of cellular protein function [54] . Conjugation of SUMO to a target protein can modulate its function in a wide variety of ways. For example, SUMOylation can promote non-covalent interactions with proteins containing SUMO interacting motifs (SIMs), occlude binding sites, modulate protein localisation and/or regulate proteostasis [55] . In particular, SUMOylation is a key regulator of neuronal function [56] , with numerous neuronal proteins shown to be targets for activity-dependent modification, including several involved in neurotransmission and plasticity such as the kainate-type glutamate receptor subunit GluK2 [57] , the transcription factor CREB [58] and the postsynaptic density scaffold GISP [59] .
There are effectively two main SUMO isoforms expressed in mammalian brain, SUMO1 and SUMO2/3 (SUMO2 and SUMO3 only differ in sequence by three amino acids and are considered functionally equivalent) [60] . SUMOylation is rapidly reversed by SUMO proteases, the best characterised of which are the sentrin-specific family of proteases (SENPs), which are also responsible for maturing the inactive SUMO precursor by cleavage of the C terminus to reveal the diglycine motif that is essential for conjugation to target lysines [61] .
SUMO1 modification of Arc at two lysine residues (K110 and K268) has been implicated in the regulation of tetrodotoxin (TTX)-induced homeostatic plasticity [53] . In this study, immunoprecipitation of Arc from rat brain lysate pulled down a SUMO1-reactive band at the molecular weight for SUMO-conjugated Arc, which disappeared when cells were lysed in the absence of N-ethylmaleimide (NEM), which inhibits SENP activity. Unlike the wild type, Arc in which the two putative SUMOylated lysine residues were mutated to alanines was not covalently modified in a HEK293T cell assay. In addition, purified SUMO1-ylated Arc could be deSUMOylated in vitro by SENP, confirming that Arc is specifically and covalently modified by SUMO [53] .
Interestingly, chronic blockade of synaptic activity with TTX decreases SENP1 expression and concomitantly increases SUMO1 expression/conjugation [53] . Although it has not been specifically reported if this SENP1 loss increases Arc SUMOylation, overexpression of the non-SUMOylatable Arc mutant in hippocampal neurons prevents TTX-induced increases in AMPAR surface-expression, suggesting a model in which Arc SUMOylation is required for the net forward trafficking of AMPARs in homeostatic upscaling. The mechanism by which Arc SUMOylation regulates AMPAR trafficking in scaling, however, has yet to be characterised.
Recently, Arc SUMOylation has also been reported to increase following LTP induction in vivo [62] . While exogenously expressed Arc can be modified by SUMO1, 2 and 3, endogenous Arc immunoprecipitated from rat brain lysate only appears to be modified by SUMO1 at a single lysine in this study. Interestingly, a significant proportion of unmodified Arc co-immunoprecipitates with SUMO1 and SUMO2/3, indicating it may interact noncovalently with SUMOylated proteins, possibly via its putative SUMO interaction motif (SIM)
[63] (Figure 2 ).
Both Arc protein levels, and its relative SUMOylation, are increased in the dentate gyrus one and three hours after HFS-LTP in anaesthetised rats [62] . Blocking the HFS-induced increase in BDNF necessary for LTP reduces total and SUMOylated Arc. Furthermore, SUMO1-conjugated Arc is enriched in synaptoneurosomes and cytoskeletal fractions of the dentate gyrus and interacts with the F-actin binding protein drebrin A following LTP in vivo.
Although this could imply that SUMOylation of Arc regulates its role in stabilising synaptic Factin during LTP, it remains to be determined if Arc SUMOylation is specifically required for LTP or if it represents a more general mechanism by which activity regulates Arc function.
Ubiquitination
Arc function is also regulated by ubiquitination [64] , although there is debate as to whether this primarily depends on direct ubiquitin modification of Arc itself, or ubiquitination of its upstream regulators. As with SUMO, ubiquitin can be covalently conjugated to target lysines in proteins, either as a single modification or as a polyubiquitin chain which targets the protein for proteasomal degradation [65] . Arc binds to, and is ubiquitinated by, the Angelman syndrome-associated ubiquitin E3 ligase Ube3A in vitro [66] , though it has been questioned whether this occurs physiologically as the interaction reportedly could not be detected between overexpressed Arc and Ube3A in HEK293T cell culture [66, 67] . RNAi knockdown or in vivo knockout of Ube3A increases endogenous Arc protein levels, which has been argued to be due to either increased Arc stability through a lower degradation rate [66] , or decreased estradiol-induced Arc transcription [67] . Regardless of the mechanism, the ultimate Ube3A-dependent decrease in Arc protein prevents Arc-mediated AMPAR endocytosis, as overexpression of both Ube3A and Arc together attenuates the increase in AMPAR internalisation following Arc overexpression alone [66] .
Direct ubiquitination of Arc at two lysine residues by another E3 ligase, Triad3A, promotes its rapid turnover by proteasomal degradation in exogenous systems and hippocampal neurons [68] . Importantly, Arc ubiquitination is upregulated following bicuculline-mediated enhancement of synaptic activity, along with its total protein levels, suggesting this posttranslational modification is activity-dependent. As for Ube3A, knockdown of Triad3A causes an increase in AMPAR endocytosis that mimics Arc overexpression, but this phenotype is blocked if Arc-dependent AMPAR internalisation is inhibited or Arc ubiquitination is blocked, suggesting Triad3A regulates AMPAR trafficking via Arc ubiquitination specifically [68] .
Interestingly, one of the reported ubiquitinated lysines in Arc (K268) is also believed to be SUMOylated, suggesting Arc function could potentially be regulated by the competition between these two modifications [62] . Of note, mutating this single residue to block its ubiquitination/SUMOylation has no effect on Arc stability [53, 68] , while combinatorial mutation of the multiple lysines predicted to be ubiquitinated from high-throughput proteomics [69, 70] reduces the rate of Arc degradation [68] . This suggests that the stability of a molecule of Arc may be dependent on numerous coincidental ubiquitination events, adding another layer of potential activity-dependent regulation of Arc availability.
Together these data indicate that, whether directly or indirectly, ubiquitination of Arc regulates its function in AMPAR trafficking underlying synaptic plasticity by controlling its availability. The mechanism by which the ubiquitination enzymes integrate synaptic activity with Arc levels to regulate Arc-dependent AMPAR endocytosis, however, remains to be seen. The similarities between SUMOylation and ubiquitination in their conjugation and cellular effects also raises the interesting question of whether there is an interplay between SUMOylation and ubiquitination in the regulation of Arc stability and function.
Phosphorylation
Synaptic activity signals to a range of kinases and phosphatases to regulate synaptic function, and ultimately memory, via altered protein phosphorylation. For example, NMDA, Gs-coupled dopamine and β-adrenergic receptors all activate the Ca 2+ -dependent kinase PKA following LTP-inducing stimulation to regulate Arc translation [71] and transcription [33] to drive plasticity. However, the direct modification of Arc by phosphorylation and other activity-dependent post-translational modifications, such as acetylation and palmitoylation, has not been extensively investigated. High-throughput mass spectrometry of brain and neuroblastoma cell lines has identified four phosphorylated residues in either the human, rat or mouse protein [72, 73] , but their function and regulation has yet to be examined. Arc reportedly interacts with, and is phosphorylated in vitro by, the calcium/calmodulindependent kinase CaMKII, which is required for Arc-dependent neurite outgrowth in neuroblasma cell lines [74] . However, CaMKII phosphorylation of Arc in vivo or the role this plays has yet to be shown. Similarly, while Arc contains putative consensus sites for protein kinase C (PKC) and casein kinase II (CKII) [19] , phosphorylation of these residues by PKC or CKII has not been experimentally verified.
Future directions
While post-translational modifications of Arc have been shown to be required for its function in several forms of plasticity, more research is necessary to determine how these modifications are regulated by synaptic activity, and how they modulate Arc to exert these effects. It is a distinct possibility that, similarly to the multiple transcription factors controlling Arc transcription, the numerous reported post-translational modifications of Arc could act in a combinatorial fashion to fine-tune Arc function in response to stimuli. This interplay could come in the form of competition for the same residue (for example between ubiquitination and SUMOylation) or co-regulation (for example phosphorylation-dependent SUMOylation [75] ), providing an additional layer of functional control. It therefore seems likely that further research will reveal new and important insights into how post-translational modifications regulate Arc function and how this impacts on learning, memory and disease.
Conclusions
One of the most fundamental questions in neuroscience is how the complexity and flexibility necessary for learning and memory arises within the brain from limited molecular components. Arc, as a potential 'master regulator of synaptic plasticity' [3] , is a core mediator of many of these processes, and as a result must be tightly regulated to perform the appropriate function depending on the cellular context. As discussed in this Review, activity-dependent transcription and post-translational modification represent key mechanisms by which Arc can respond to synaptic activity to drive plasticity in a stimulus-specific manner. While these Arc-regulating pathways have been extensively characterised, future work addressing how these signalling pathways interact will reveal how subtle layers of Arc regulation allow for the diversity of neuronal responses required for complex learning and memory. Numerous residues within the mouse, rat and/or human Arc protein have been identified as targets for phosphorylation (P), SUMO1-ylation (S1) or ubiquitination (Ub). Arc also contains a putative SUMO interaction motif (SIM) through which it could non-covalently bind to SUMOylated proteins. ? denotes predicted target sites/kinases.
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